ABSTRACT: Sorption techniques have been employed to estimate the amorphous contribution obtained during the progressive hydrothermal crystallization of the LTL phase from the KP-AIPJ-Si0 2 -Hp system at 423 K. The curve showing the progressive depletion of the amorphous content as a function of the crystallization time exhibited an inverted sigmoidal-type shape indicative of distinct induction and crystallization stages. Samples with varying amorphous contributions were characterized by sorption uptake, XRD and chemical composition. Thesorption uptake changes observed werefound tobe helpful inestimating the progress of thecrystallization process. Theinfluence of the amorphous contribution on theBETandLangmuir surface areas. andon themicropore void volume was examined using low-temperature nitrogen sorption methods. Estimation of the amorphous contribution by XRD has been compared with that estimated via sorption uptake using different probe molecules such as water, n-hexane, cyclohexane and benzene. The sorption uptake wasfound to be sensitive to the extent of amorphous content inthesample andto thecharacteristics of theprobe sorbates. The sample with a 100% amorphous contribution as estimated by XRDmethods exhibited lowervalues forthiscontribution when estimated bysorption techniques. The estimation of the amorphous contribution using benzene sorption data was found to be in excellent agreement with the amorphous contribution as estimated by XRD methods. A lower agreement wasexhibited by the other sorbate probes studied.
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INTRODUCTION
Zeolites. which are a unique class of solids, are finding extensive application in adsorption and separation processes and in catalysis due to their structural and compositional peculiarities coupled with a large internal surface area accessible to molecules of comparable size via diffusion through the pores (Naber et aZ. 1994; Rao et aZ. 1989; Csisery 1976; Corma 1993; Maxwell and Stork 1991; Zicovich-Wilson et al. 1994) . The structures of these solids are based on an infinitely extending three-dimensional network of Si0 4 and AI0 4 tetrahedra sharing all the oxygens (Breck 1974) . Milton (1968) has described the essential process underlying the hydrothermal crystallization of most zeolites as being the conversion of amorphous reactive aluminosilicate gels into crystalline materials in the presence of an aqueous solution of an alkali and/or an alkaline earth metal hydroxide at temperatures ranging from room temperature to 573 K. The gross composition *Authorto whomall correspondence shouldbeaddressed. of the reaction mixture, the temperature and the time are the three variables which exhibit a major influence on the extent and type of zeolite crystallization (Szostak. 1989) . The hydrothermal crystallization of LTL-type zeolite in the potassium form (K-LTL) from a hydrogel containing sources of SiO z ' Alp" Kp and water has been documented in the literature (Breck and Acara 1965; Vaughan 1985; . Although the temperature (Zikanova and Derewinski 1995; Muller and Unger 1988) , crystal size and morphology Fogel' et al. 1984) , type of adsorbate (Karsli et al. 1992; Muller and Unger 1988; Choudhary et al. 1990) , the nature and concentration of the framework (Muller and Unger 1988; Choudhary et al. 1990; Rao et al. 1990; Shaikh et al. 1998; Joshi et al. , 1994 and the extra-framework Kasture et al. 1998) cations have been shown to influence the sorption properties of various fully crystalline zeolites and related molecular sieves, there are only scanty reports Domine and Quobex 1968) on the use of sorption techniques for the evaluation of the quality of the materials obtained from a given synthesis batch with varying crystallization time at a fixed temperature.
This paper reports the use of the sorption technique to monitor the progressive crystallization of LTL-type zeolite from a KP-Al,o,-Si0 2-HP system as a function of the crystallization time at 423 K under static conditions. Estimation of the amorphous contribution by powder X-ray diffraction methods and the sorption technique for samples obtained at different stages during the progressive hydrothermal crystallization has been compared and is discussed.
EXPERIMENTAL

Materials
The hydrothermal crystallization of K-LTL was carried out in a stainless steel (316) autoclave at autogeneous pressure at 423 K using an initial gel composition of 8KP:AI20~:20Si02:200Hp. The crystallization kinetics were studied by comparing the extent of decrease of the amorphous content at different stages during the progressive crystallization process. The starting gel mixture was prepared by dissolving 1.55 g of alumina (65.5% A1P~; ACC Ltd., Mumbai, India) in a hot alkali solution prepared by dissolving 8.96 g of potassium hydroxide (S.D. Fine Chemicals Ltd., Boisar, India) in 35 ml of distilled water, followed by the slow addition of 12.44 g of fumed silica (96.46% SiO,; Leuchstoffwerk, India) with constant stirring. Such stirring was continued until the resulting gel became homogeneous. The gel was then transferred to an autoclave which was sealed and maintained in an air oven at 423 K under static conditions. When the temperature of 423 K had been attained (as sensed via a standard thermocouple inserted into the thermowell of the autoclave), the corresponding time was taken as equal to zero in the experiment. The same procedure and raw materials were used to prepare fresh reaction gel mixtures which were subjected to hydrothermal treatment for different time intervals at 423 K. The length of the crystallization period was varied from 0 h to 14 h in order to achieve samples with a varying amorphous contribution in the product. The crystallization process was stopped by quenching the autoclave under cold water thereby achieving immediate cooling to room temperature after a given crystallization period. The solid products were filtered, washed until the pH of the effluent was in the range 9-11 and then dried in an air oven at 383 K for 8 h.
Doubly-distilled water, high purity nitrogen and hydrocarbons such as n-hexane, cyclohexane and benzene (all of 99.9% purity) which were further purified over activated 3A molecular sieves were used for the sorption measurements.
The products obtained during the different stages of the progressive hydrothermal crystallization process were analyzed by powder X-ray diffraction (XRD) methods in both a qualitative and quantitative manner. A Rigaku DIMAX-III VC diffractometer with nickel-filtered Cu Kn radiation (A. = 1.5406 A) was used for the analysis of the samples. The XRD patterns were collected over the 28 range 5-40°using a step scan with a 0.05°step and a 5.0 s counting time. After background subtraction, a smooth line was drawn from peak valley to peak valley over the 28 range 21-33°and the area under this amorphous 'halo' measured. The totally XRD amorphous sample (obtained after a crystallization time of 5 h) was treated as the reference sample as it exhibited a ]00% amorphous contribution (termed amorph hereafter) which was also reflected by a maximum integrated area under the amorph halo. The integrated area under the amorph halo was estimated for the remaining samples as described earlier, the % amorph contribution being estimated as the percentage ratio of the integrated area of amorph halo of the test sample to the integrated area of amorph halo of the reference sample. The chemical composition of all the samples was established by wet chemical methods using atomic absorption (Hitachi, Z-8000, Japan) and inductively coupled plasma (JobinYuon, JY-38 VHR, France) spectrometers. The designation, crystallization time, % amorph contribution and the results of the chemical analyses of all the samples used in the present studies are tabulated in Table I .
Surface area measurements were carried out by low-temperature (77 K) nitrogen sorption methods using a conventional (Joshi 1992) all-glass BET unit. Sorption uptake measurements using probes such as water, n-hexane, cyclohexane and benzene were carried out employing an all-glass gravimetric high-vacuum adsorption system using a McBain-Bakr type silica spring balance (sensitivity == 50 ern/g), a small pellet (ca. 70 mg) of each solid sample being employed. The balance case of the apparatus containing the sample was enclosed in a thermostatic arrangement, the temperature being maintained to within ± I K by using an Aplab temperature controller. Prior to each sorption measurement the sample was degassed at 673 K for 4 h at ca. IO~Torr, the temperature of the sample being raised at a heating rate of 2 K/min with simultaneous evacuation. Following this, the sample was cooled in vacuum to 298 K and maintained at this temperature for 2 h before commencing the sorption measurements. The sorbate vapours were allowed to contact the sample at a relative pressure of 0.5 at 298 K for 2 h before the amount sorbed was estimated. At the completion of the sorption studies with a given sorbate, the same solid sample was then re-activated by degassing under vacuum as described above before measuring the sorption uptake with another sorbate probe. Water sorption uptakes were measured after the completion of the measurements using hydrocarbon probes on each sample. Powder X-ray diffractograms were recorded for each sample before and after such sorption measurements to confirm whether any structural damage had occurred. An estimation of the amorph contribution in the phases obtained during progressive crystallization using the sorption technique was undertaken by comparing the sorption uptake for any probe by the test sample against the sorption uptake for the same probe by the reference sample. The sample obtained after crystallization for 14 h exhibiting no contribution due to an amorphous and! or any other impurity phase(s) as identified by XRD was taken as the reference sample. The sorption uptake (in mmollg) by the reference sample was put equal to I()()% crystallinity. The % amorph in the test samples was evaluated as I()() -% crystallinity as evaluated via the sorption uptake.
RESULTS AND DISCUSSION
Progressive crystallization
To investigate the kinetic features of the hydrothermal crystallization process, various synthesis runs were carried out under the same set of conditions other than the crystallization time. A list of selected samples (on the basis of differences in the amorph contribution) is given in Table 1 .
The progress of the crystallization process was investigated by considering the progressive depletion in the amorph contribution in the product as a function of time. Thus, as crystallization progressed, the degree of the crystallinity of the LTL-type zeolitic phase increased at the expense of the amorphous hydrogel phase. The method used to estimate the amorph contribution by XRD and its accuracy was further cross-checked by an evaluation of the degree of crystallinity. The latter was estimated (Koetsier and Verduijn 1986 ) from the percentage ratio of the sum of the integrated intensities of the peaks appearing at 2e ± 0.1 0 values of 19.3, 22.7, 24.3, 25.6, 27 .2, 28.1, 29.2 and 30.7 for the test sample to the sum of the integrated intensities for the same peaks for the sample obtained after crystallization for 14 h; the amorph contribution was then calculated as 100 -% crystallinity evaluated by XRD. Both values of the amorph contribution thus obtained were found to be in excellent agreement suggesting the reliability of the values for the amorph contribution as estimated by XRD methods. The X-ray diffractograms of the samples obtained under isothermal crystallization conditions at different stages of the crystallization process are presented in Figure I . It will be seen that up to a crystallization time of 5 h, the XRD profile showed no appearance of characteristic peaks due to either LTL-type zeolite or any other phase(s). Thus the product collected after crystallization for 5 h is confirmed as being I()()% XRD amorphous. It can also be clearly seen from Figure I that the characteristic peaks for LTL-type zeolite started appearing after 5 h with the pure, fully crystalline phase (Breck and Acara 1965) being obtained after 14 h in the present studies, when the profile corresponded to 0% amorph. The amorphous contribution in the product corresponded to the dark shaded envelope in the XRD profiles in Figure I , the decrease in the amorph contribution as a function of crystallization time being very well reflected by the decrease in the area of the amorph halo. When the chemical compositions of these intermediate phases as tabulated in Table I are compared with their powder X-ray diffraction patterns as illustrated in Figure I , it appears as if the progressive depletion of the silicon species was accompanied by the incorporation in the LTL-type framework of some of the silicon from the amorphous disordered gel phase during progressive crystalIization. The fully amorph sample obtained after a crystallization time of 5 h was found to contain only ca. 33% of the total silica used in the preparation of the starting gel. Chemical analysis of the products demonstrated virtually no change in the alumina content in the solid phases irrespective of the crystallization time employed. However, the excess potassium content was found to decrease with a decrease in the amorph content, indicating the charge-balancing role of the extra-framework potassium ions during progressive crystallization. Figure 2 illustrates the progressive diminution of the amorph content (as estimated by XRD) plotted as a function of the crystallization time. The curve obtained exhibits an inverted sigmoidaltype shape indicative of distinct induction and crystallization stages associated with the formation of crystallization centres or nuclei followed by the rapid formation of a crystalline structure. The rate 'of conversion of the amorph phase into the ordered LTI..-type zeoli tic phase was found to decrease as the crystallization process approached completion as indicated by the 0% amorph contribution in the product obtained after a crystallization time of 14 h.
Sorption uptake behaviour
Low-temperature nitrogen adsorption
The nitrogen adsorption isotherms for the samples under investigation exhibited different behaviours depending upon the extent of the amorph contribution contained. Thus, a very rapid uptake at low relative pressure followed by a plateau region at increased relative pressures was observed in case of the sample with 0% amorph contribution, In contrast, a slow but sluggish uptake with increased relative pressure was observed for samples with varying amorph contribution values; The influence of the amorph contribution in the product on the nitrogen sorption behaviour was also studied in terms of the specific surface area and void volume. The values of the specific surface areas as obtained by BET and Langmuir plots and of the void volumes as obtained from Dubinin plots are tabulated in Table 2 . It will be seen that both the specific surface areas and the void volumes increased with decreasing values of the amorph contribution. It should also be noted that the specific surface areas for all the samples as obtained by the Langmuir approach were higher than those by the BET approach. When the two values are compared, it will be seen that the most striking difference was observed in case ofthe 100% amorph sample (Langmuir value =3.36 x BET value) as compared to the rest of the samples (Langmuir value =1.3 ± 0.07 x BET value).
However, the Langmuir approach probably represents a more realistic estimate for the specific surface area which is responsible for the sorption properties of the sample. No linear correlationship was established between the specific surface area as obtained by the Langmuir approach and the void volume as calculated using the Dubinin-Radushkevich equation as a function of the amorph content, despite the fact that the Dubinin void volume has been shown to exhibit a direct dependence on the Langmuir specific surface area in other contexts.
Sorption uptake of different sorbates
The framework structure of LTL-type zeolite is based upon the polyhedral cages which are formed by five six-membered and six four-membered rings (Barrer and Villiger 1969) . These cavities are linked through the planes of their upper and lower six-membered rings to form columns in which hexagonal prisms and polyhedra are alternate and run parallel to the c-axis as shown in Figure 3 (a). Each column is cross-linked to three others by single oxygen bridges which form a part of the planer 12-membered rings circumscribing a wide channel with a free aperture of 7.1 A.. Figure 3(b) shows the LTI..-type framework as viewed along the [001] direction. Taking the structural features of the LTL-type framework into account, sorbates of different size, shape and polarity were used to evaluate the sorptive capacity in order to elucidate the sorption behaviour of these sorbates as a function of the amorph content of the solid material. Attempts were made to correlate the sorptive capacity with the amorph contribution in the products obtained. Figure 4 depicts the sorption uptake behaviour of water, n-hexane, cyclohexane and benzene as a function of the amorph contribution in the products. It can be clearly seen from the figure that the sorptive capacity increased as the amorph contribution decreased, irrespective of the characteristics of the sorbate molecules. However, the extent to which the sorptive capacity increased varied from sorbate to sorbate indicating the influence of (a) the sorbate characteristics and (b) the amorph contribution on the sorptive capacity. The curves representing the sorption behaviour of n-hexane and cyclohexane in samples with different amorph contributions exhibit an identical shape to that demonstrating the progressive diminution of the amorph contribution as a function of crystallization time (see Figure 2) . This is not unexpected since the cylindrical shape of the n-hexane molecule of kinetic diameter of 4.2 A. and the spherical shape of the cyclohexane molecule of kinetic P.N. Joshi et al./Adsorption Science & Technology Vol. 17 No.8 1999 1.4 r------------------, diameter of 6.2 Aallow their ready penetration into the zeolite structure because both have smaller dimensions compared to the straight-channel dimension (7.1 x 7.1 A) of LTL-type zeolite. The marginally lower uptake of cyclohexane compared to n-hexane may be due to an intracrystalline steric effect imposed by the channel structure. However, the salient feature of Figure 4 is the linear relationship between the benzene uptake and the amorph contribution. This may be due partly to the oxygen atoms of the 12-membered rings acting as potential adsorption sites for benzene and partly to interaction of the charge-balancing potassium cations located in the walls of the channels with the 7t-electron cloud of the benzene molecule. This could also explain the higher uptake in the case of benzene (5.85 A) relative to that of n-hexane (4.2 A.) despite the larger size of the former.
The water sorption uptake as a function of the amorph contribution exhibited somewhat different behaviour from that shown by the hydrocarbons studied. Water sorption consistently decreased with increasing amorph contribution. Because of the high packing efficiency of the n-hexane molecule, coupled with its higher affinity arising from the very favourable interactions of a higher number of paraffinic hydrogen atoms with the channel walls, it was thought that the n-hexane uptake gave a real estimate of the pore volumes of the samples studied. Thus, the preferential sorption of water over n-hexane under identical conditions in the present studies was considered a parameter for estimating the hydrophilicity of the samples studied. The ratio of the uptake of water to that of n-hexane (hereafter termed the hydrophilicity) has been calculated and compared as a function of the amorph contribution. In the initial stages of the progressive crystallization process, when the amorph contribution was reduced from 100% to 76%, the hydrophilicity fell to a value which was 80% less than its initial value, i.e. from 138.8 down to 27.7. Further reduction of the amorph contribution (from 76% to 0%) was accompanied by a decrease in the hydrophilicity from 27.7 to 7.3. The decreasing trend in hydrophilicity observed in the present studies was: PNNPSI (138.8) >>> PNNPS2 (27.7)>> PNJVPS3 (11.7) > PNJVPS4 (8.5) > PNNPS5 (7.3). This trend indicates that the rate at which the hydrophilicity decreased was directly proportional to the amorph contribution present before further crystallization. Despite the fact that the water uptake increased (from 2.9 mrnol/g to 7.03 mmoVg) with decreasing amorph contribution (from 100% to 0%), the hydrophilicity exhibited the reverse order. Such a contradiction may be associated with the complex effect of the amphoteric character of the sorbate, the smaller dimensions of the probe molecule and its chemical composition coupled with the differing environments of the various species in the samples and the accessibility of the void volume to the sorbate. Figure 5 illustrates a comparison of the variation in % amorph contribution as estimated by powder X-ray diffractogram studies and the sorption uptake of different sorbates for samples obtained after different crystallization times. The figure demonstrates that a fair agreement was demonstrated between the % amorph contribution as obtained by powder X-ray studies and the benzene uptake. However, the n-hexane and cyclohexane probes exhibited sigmoidal plots. Thus, although n-hexane was thought to give a real estimate of the pore volume, it failed to show good agreement in relation to an estimation of the amorph contribution. Sorption data analysis as depicted in Figure  5 also revealed that although X-ray diffraction studies indicated a 100% amorph contribution in the sample obtained after crystallization for 5 h, a small amount of crystalline material (up to 3%) was estimated by the sorption uptake method. To illustrate this point, the amorph contribution as estimated by XRD and via the benzene uptake have both been plotted as a function of crystallization time in Figure 2 . The slightly lower value of the amorph contribution as estimated by benzene sorption may be attributed to the inability of the XRD method to 'see' crystals smaller than 5 nm (Jacobs et al. 1981) . For this reason, it will be seen from Figure 5 that, with the exception of the higher region of % amorph contribution, the benzene sorption uptakes provide estimates of the amorph contribution which are close to those obtained by the XRD method. In this respect, the behaviour of benzene is more favourable than those of the other probes studied.
Comparison of the amorph contribution by XRD with the sorption uptake
CONCLUSIONS
The progressive decrease in the amorphous contribution in the product as a function of the crystallization time suggests that the crystallization process progresses at the expense of the amorphous hydrogel phase. The rate of conversion of the amorphous phase into a crystalline form decreased as the crystallization process approached completion as indicated by the 0% amorphous contribution in the pure and fully crystalline L1L product. No linear correlationship was established between the specific surface area as obtained by the Langmuir approach and the void volume as calculated using the Dubinin-Radushkevich equation as a function of the amorphous contribution. The sorpr tion uptake of water, n-hexane, cyclohexane and benzene increased as the amorphous contribution decreased. A linear relationship was observed between the benzene uptake and the amorphous contribution. The ratio of water uptake to that of n-hexane was found to decrease with a decrease in the amorphous content. However, the extent of such decrease was directly dependent on the amorphous contribution present before further crystallization. The benzene sorbate probe provided an estimate of the amorphous contribution which was close to that obtained by XRD methods.
